ABSTRACT: Determining seasonal and regional patterns of climate change is in growing demand for the assessiment of the potential impacts on climate-related economic activities, such as agriculture or water resource management. This paper presents the results of the work done to determine possible patterns of CO 2 -induced climate change in Cuba based on the IPCC's best estimate of climate sensitivity and using IS92a and KYOTOA1 emission scenarios. The climate change scenarios were prepared combining general circulation model (GCM) results and output from the MAGICC climate model. The results of this study show that the methodology and the GCMs selected provide a large range of regional climate change and guarantee that the climatic change scenarios developed can be applied to explore a wide spectrum of the potential climate changes in different environments and social sectors in Cuba.
INTRODUCTION
In Cuba, changes in the supply of rainfall, whether in total or in frequency, could have enormous consequences for the economic and environmental sectors. Climatic anomalies have always occurred in Cuba; however, during the last 4 decades important climatic variations have been observed. Naranjo & Centella (1998) have shown that the climate of Cuba is becoming warmer. Mean annual temperature has increased almost 0.5°C, with the warmest periods being in the 1980s and middle 1990s. This increment was mainly due to a very significant positive trend in minimum temperature, with a mean 'warming' of almost 1.4°C. Another important fact was the significant (almost to 2°C) observed decrease in diurnal temperature range.
Records of annual precipitation have not shown any significant variations for a long period of time. However, an important increase in winter rainfall and a slight negative trend of precipitation in summer have been recently observed. These contrary seasonal rainfall behaviors have been an important factor in the significant increase in drought frequency since 1960 and suggest that changes are occurring in the annual precipitation variation pattern (Lapinel et al. 1993) .
The above results agree with the significant warming of the low troposphere over the region (Naranjo & Centella 1996) , supporting the idea of important changes in the climate background, which are consistent with significant variations in the circulation patterns of the Pacific-North American sector (Trenberth 1990) .
The observed variations and trends in the climate of Cuba and the potential implications of climate change due to the enhancement of the greenhouse effect has caught the attention of politicians, businessmen, and the public at large. Although it may not be clear whether the observed climatic trends are related to human activities or whether they have some natural explanation, it is necessary to assess the potential implications of future climate changes for some environmental and social sectors.
Having ratified the United Framework Convention on Climate Change, the Cuban government is committed to assessing the degree of vulnerability of the sectors which are likely to be most impacted by climate change. To do this, it is necessary to develop a re-presentation of future climate conditions or climate change scenario. The term climate scenario is used instead of climate change prediction and has been defined by Viner & Hulme (1992) as 'an internally consistent representation of future climate, that is constructed from methods based upon sound scientific principles, and that can be used to give an understanding of the response of environmental and social systems to future climate change'.
The goal of this study is to define the climate change scenarios for Cuba on the basis of different emission scenarios and general circulation models (GCMs). The results of the analysis will be used to assess the vulnerability in 6 environmental and social sectors of Cuba.
METHODOLOGY
Several methods exist for creating a climate scenario. They fall into the following classes: synthetic scenarios, analogue scenarios and scenarios obtained from GCMs or global climate models (Carter et al. 1993) . Among these, the most widely accepted approach involves the use of results from GCM climate change experiments.
Results from GCMs can be linked to the output from simpler models to enable a wider range of assumptions about future greenhouse gas emissions, climate feedback, and climate sensitivities to be represented in the scenarios (Hulme 1996) . The Climatic Research Unit (CRU) of the University of East Anglia has developed 2 such computer programs (MAGICC and SCENGEN) that can be used for scenario construction.
Climate change scenarios result from a 3-stage process: definition of a global greenhouse gas emission scenario; conversion of the emissions into a global warming projection; and association of the global warming projection with a regional pattern of climate change.
2.1. Emission scenario. Two emission scenarios were selected for this study. These are the IS92a scenario, defined by the IPCC in 1992 and later revised in 1995, and the KYOTOA1 scenario which was provided by CRU ( Table 1 ). The IS92a is a mid-range estimate of future emissions, assuming only a very modest degree of policy intervention to reduce the emissions. Technical descriptions of its underlying assumptions are well documented (Leggett et al. 1992 , IPCC 1996 . The KYOTOA1 scenario takes into account the Protocol (for Annex 1 countries) approved in the third session Conference of the Parties of the UN Framework Convention on Climate Change (UNFCCC) held in Kyoto, Japan, and it assumes major policy intervention. Although other scenarios are available, the IS92a and KYOTOA1 emission scenarios were adopted for 3 reasons. First, the International Negotiation Committee of UNFCCC uses IS92a as a reference scenario. Second, IS92a has been widely used in studies of impact assessment, facilitating the comparison of results. Third, KYOTOA1 is a 'next to real' policy intervention (at least it is based on assumptions that could be more real in a short time than other intervention scenarios), and it is interesting to take a picture of future climate in Cuba based on this emission scenario.
2.2. Global warming projections. The global warming projections for IS92a and KYOTOA1 scenarios were made using CRU's MAGICC model framework. MAGICC (Model for the Assessment of Greenhouse gas Induced Climate Change) is a software package that includes a number of gas cycle and radiative transfer models, a sea level rise model, and a 1-dimensional upwelling-diffusion climate model. A more detailed description of MAGICC is given by Wigley (1994 , cited by Hulme et al. 1995 . Version 2.3 of the MAGICC computer package was used in this study.
To estimate the average global warming and sea level rise, MAGICC converts the emissions of greenhouse gases into concentrations using a number of gas cycle models. Afterwards, the concentration is converted into radiative forcing using radiative transfer models. Then, the resulting total global-mean radiative forcing drives an upwelling-diffusion energy balance climate model to produce the global temperature and sea level change.
In MAGICC, there are various parameters that determine warming and sea level rise. The most important is the climate sensitivity (∆T 2× ), which is a measure of how the global temperature changes for a given radiative forcing. Using the IPCC best estimate ∆T 2× = 2.5°C and its low and high range values (1.5 and 4.5°C, respectively), the global warming values were computed for the IS92a and KYOTOA1 emission scenarios; these values are given in Table 2 . It is important to note that the effect of sulphate aerosols was considered, assuming that SO 2 emissions remain at 1990 levels. Fig. 1 Projecting the climate change using GCMs requires large amounts of computer time to carry out simulations. If the spatial and temporal resolutions of the models increase, then the computer requirements also increase. So, due to the high computational cost, it is difficult to evaluate a large number of possible climate scenarios using GCMs. However, simple climate models (SCMs) are able to reproduce a global mean response to forcing that is similar to that which is produced by GCMs. They include all the important stateof-the-art knowledge as reported by the IPCC, including a CO 2 -fertilization feedback and negative forcing of sulphate aerosols and stratospheric ozone depletion (IPCC 1990 (IPCC , 1992 (IPCC , 1996 . Because SCMs incorporate a simplified representation of the physical processes involved in the climate system, they are not very computer time consuming and can be used to address different assumptions about greenhouse gas emission into the atmosphere. The IPCC Technical Report II (Houghton et al. 1997 ) offers a good description of SCMs used in the in the IPCC second assessment report and provides some examples of the SCMs' ability to reproduce GCM results.
SCMs do not project variables other than global temperatures and sea level, so it is necessary to combine the output of GCMs and the results of SCMs to generate a regional climate change pattern. To do this, the simulated change in climate at a gridpoint between the GCM control and 2 × CO 2 simulations is divided by the respective GCM global warming to produce a standardized value that represents the regional change in any climate variable per degree of global warming. This standardized value is then multiplied by the global warming in a given year as given by the SCM. The process can be represented by:
where ∆V i is the 2 × CO 2 -1 × CO 2 GCM difference at gridpoint i, ∆T GCM is the GCM climate sensitivity, ∆T year SCM is the global mean temperature change defined by the SCM for a given year with respect to 1990, and ∆V i,year is the gridpoint change in variable V in the given year.
One important limitation of this approach is that regional climate changes are linearly related to changes in the average global temperature. It is unlikely that regional climates will actually behave in such a linear fashion.
In the present work, the computer-based program SCENGEN (developed by CRU) was used to both standardize the climatic variables and re-scale them using the average global warming projected by MAGICC to occur by 2010, 2030, 2050, and Low, medium, and high labels are associated with 1.5, 2.5, and 4.5°C climate sensitivity values, respectively tion coefficient (0.77), and the projections provided by it agree in some sense with the observed climatic trend in the climate of Cuba. UKTR has been broadly used for impact assessment studies in different countries, so the results can be compared. The rainfall change produced by the OSU model is the highest for the Cuban region, thus providing the possibility to consider other possible climate change conditions. Fig. 2 shows the 3 relevant 5°× 5°latitude-longitude SCENGEN grid boxes that fall over Cuba. The climate change values for these grid boxes was applied to the Cuban baseline climatology to obtain the estimated future temperature and rainfall patterns under the emission scenarios selected.
RESULTS
As it is desirable for climate change scenario generation, the 3 GCM models can provide a range of regional changes according to the uncertainties of both future climate and regional results of GCMs. Fig. 3 shows the changes in average annual temperature and rainfall for the 2050 (with respect to the 1961-1990 period) . From this it is clear that the largest temperature increases are projected by the HADCM2 and OSU models, which represent stronger drying and wetting conditions, respectively. The UKTR model reflects a more moderate temperature and precipitation change.
HADCM2 climate scenario
A common characteristic of the HADCM2-derived climate scenario under the IS92a assumptions is an increase of temperature and a reduction of rainfall in the annual values. The largest increase of temperature is observed in the eastern half of Cuba (Boxes 2 and 3), while the more important reduction of precipitation and cloud cover occurs over the western half of the country (Box 1). Only for 2100 is the cloud cover reduction greatest in the eastern part of Cuba.
The annual variation pattern (see Figs. 4 & 5 for examples of 2050) reflects another important fact: The greatest warming combined with significant reductions of rainfall occurs in summer. This indicates the occurrence of a warmer and drier climate than at present. At the end of autumn and beginning of winter, the pattern changes, and an important rainfall rise is observed. The reduction of rainfall is around 10 to 15% in the spring and summer months (except April), while an important positive change (about 15 to 20%) is observed for November and December. For all grid boxes, the greatest warming in mean surface air temperature occurs from May to November (between 1.4 and 1.6°C) and a decrease of about 0.9°C occurs in January and February. For the KYOTOA1 emission scenario, the results are little different from IS92a, and the projected climate change has similar annual variation patterns. As expected, temperature change is less than for IS92a, but the reduction is no more than 0.2 or 0.4°C (Table 3) . For rainfall, the patterns are similar, although under KYOTOA1 the reduction of rainfall during summertime is small.
UKTR and OSU climate change scenarios
As mentioned earlier, there is a considerable uncertainty about the regional results of GCMs, so it is important to consider alternative patterns of climate change that could also be possible. The evaluation of these alternative scenarios can be used to avoid the inappropriate understanding that a projection could be interpreted as a prediction. The alternative scenarios were created using the UKTR and OSU climate models. Table 4 shows the temperature, precipitation, and cloud cover annual changes for these alternative scenarios. The OSU model results indicate an increase in temperature of similar magnitude to HADCM2 and an important increase in precipitation. In the cases of UKTR, the changes in both temperatures and precipitation are minor.
Figs. 6 & 7 show the annual variation patterns of temperature and precipitation projected to occur by 2050. For temperature, a significant increase is projected by the OSU model mainly at the beginning of the year, with the values ranging from 1.4 to 1.7°C. In summer, the temperature change indicated by this model is less than that projected by HADCM2, which represents a more intensive warming for this season. As was noted earlier, the UKTR temperature projection is the lowest and its annual variation pattern shows little change. It should be noted that the 3 model projection patterns are similar from October to December, at least for Boxes 1 and 2.
DISCUSSION AND CONCLUSIONS
In the study of future climate conditions for various 30 yr periods of the next century, considerable changes are possible in Cuba. Although the agreement between models is low for rainfall projections and only the OSU model produced a large increase in annual precipitation, rising ambient temperatures will probably increase evapotranspiration rates and reduce the availability of water (Hulme et al. 1994) . So, for these climate conditions, a reduction of vegetal and animal biomass would be an important impact. Note that Coe et al. (1976) demonstrated that there is a positive correlation between vegetation production and rainfall. The HADCM2 projected annual precipitation variation is similar to the observed trend in the annual rainfall variation pattern for the last 30 yr (reduction in wet season and increase in dry season). Thus, the apparent trend to a redistribution of monthly rainfall around the year pointed out by Naranjo & Centella (1998) could be continued under this scenario. It suggests a possible intensification of the drought occurrence with respect to the 1961-1990 period.
Environmental problems, such as desertification and biodiversity loss, could increase or appear in regions where high temperature and very low precipitation coexist in space and time. An example of these areas is the portion of the country that lies in Box 3. In recent years, the south coast of this region has been continually affected by environmental problems caused, in some manner, by the combination of high temperatures and very little rain throughout the year. So, the possible rainfall reduction could reinforce the present for the UKTR (gray) and OSU (black) alternative scenarios under the IS92a emission scenario problems in this zone (for example, increased damage
